In the present study, we searched for causal evidence linking activity in the bilateral primary somatosensory cortex (SI), posterior parietal cortex (PPC), and prefrontal cortex (PFC) with behavioral performance in vibrotactile working memory. Participants performed a vibrotactile delayed matching-to-sample task, while single-pulse transcranial magnetic stimulation (sp-TMS) was applied over these cortical areas at 100, 200, 300, 600, 1600, and 1900 ms after the onset of vibrotactile stimulation (200 ms duration). In our experiments, sp-TMS over the contralateral SI at the early delay (100 and 200 ms) deteriorated the accuracy of task performance, and over the ipsilateral SI at the late delay (1600 and 1900 ms) also induced such deteriorating effects. Furthermore, deteriorating effects caused by sp-TMS over the contralateral DLPFC at the same maintenance stage (1600 ms) were correlated with the effects caused by sp-TMS over the ipsilateral SI, indicating that information retained in the ipsilateral SI during the late delay may be associated with the DLPFC. Taken together, these results suggest that both the contralateral and ipsilateral SIs are involved in tactile WM, and the contralateral DLPFC bridges the contralateral SI and ipsilateral SI for goal-directed action.
Introduction
Working memory (WM) is a cognitive system responsible for keeping sensory information briefly for later goal-directed action (Baddeley 2012) . The neural substrates of tactile WM have been largely investigated (Romo and Salinas 2003) . Anatomical, physiological, and lesion-behavior studies have demonstrated that both high-level (the prefrontal cortex [PFC] and posterior parietal cortex [PPC]), and low-level (the primary somatosensory cortex (SI) and the secondary somatosensory cortex [SII] ) cortical areas are involved in maintaining mnemonic tactile information (Romo and Salinas 2003; Preuschhof et al. 2006; Azañón and Haggard 2009; Curtis and Lee 2010; Spitzer et al. 2010) . However, the temporal dependence of these areas in tactile WM processes is still poorly understood.
Convergent evidence has supported the role of PFC, especially the role of dorsal lateral prefrontal cortex (DLPFC), in multiple processes during WM. Early electrophysiological evidence showed stimulus-dependent sustained neuronal activity in the monkey DLPFC during the delay period of WM tasks (Kubota and Niki 1971; Fuster 1973) , suggesting that the DLPFC was important for WM online maintenance. Lesions of DLPFC regions caused monkeys' inability to perform WM tasks (Passingham 1985; Funahashi et al. 1993) . Results observed in recent human lesion studies further emphasized that the DLPFC was essential for manipulating WM contents (Tsuchida and Fellows 2009; Barbey et al. 2013) . Moreover, in the somatosensory domain, activity in the DLPFC was also reported to be related to tactile WM in both nonhuman primates (Wang et al. 2015) and humans (Klingberg et al. 1996; Burton et al. 2010) . However, it is still under debate whether neural activity in the DLPFC during the delay period of a WM task (including tactile WM) represents maintenance (Ester et al. 2015) or manipulation (D'esposito and Postle 2015; Wang et al. 2015 ) of sensory input.
Neurophysiological studies in rhesus monkeys exhibited sustained neuronal activity in SI during the delay period of tactile WM tasks Fuster 1996, 2000; Pasternak and Greenlee 2005) . Moreover, virtual lesions of the contralateral SI caused by transcranial magnetic stimulation (TMS) during the retention period of tactile WM tasks disrupted vibrotactile WM performance (Harris et al. 2002; Ku et al. 2015a) . Furthermore, interhemispheric interactions in SI (area 3b) across hands have been revealed in monkeys (Lipton et al. 2006; Reed et al. 2011) . Neurophysiological studies in humans have further indicated that responses to unilateral tactile stimulation can be observed in SI on both sides of the brain, suggesting that unilateral sensory input may be bilaterally represented at the lowest level of cortical processing (Sutherland and Tang 2006; Tame et al. 2015) . Despite the ample literature from neurophysiological and neuroimaging studies in monkeys and humans has indicated that the ipsilateral SI may execute some functions the contralateral SI usually does in sensation and perception, it still remains unclear whether, and when, the ipsilateral SI also contributes to tactile WM maintenance. Recently, 2 separate human magnetoencephalography (MEG) studies have shown that ipsilateral somatosensory cortices play an important role in processing of tactile stimulus, and in the late stage of WM as well (Hegner et al. 2007; van Ede et al. 2014) .
While modulatory top-down influences of the frontal cortex on WM-related activity in contralateral sensory cortices have been validated in TMS (Ruff et al. 2006; Zanto et al. 2011 ) and lesion studies (Miller et al. 2011; Bidet-Caulet et al. 2015) , topdown modulation of the activity in ipsilateral sensory areas has not yet been recognized, neither in early sensory processing nor in WM. In the present study, we administrated single-pulse TMS (sp-TMS) over different brain areas (the bilateral SI, the contralateral DLPFC, and the contralateral PPC) at different stages of tactile WM to examine causal roles of these brain areas in WM.
Materials and Methods

Participants
A group of 15 healthy individuals participated in experiment 1 (6 males and 9 females; age range: 18-26 years old; mean age: 23.33 years). A separate group of 12 healthy adults (3 males and 9 females; age range: 18-28 years old; mean age: 21 years) participated in experiment 2. All of them were right-handed with normal or corrected-to-normal visual acuity, and they were free from neurological/psychiatric disorders, as well as contraindication of TMS. The protocol was approved by the University Committee on Human Research Protection at East China Normal University (ECNU). Informed consent was obtained from all participants who were compensated for participation after the experiment.
TMS Protocol
Experimental paradigms were programmed using Psychtoolbox-3 (www.psychtoolbox.org) based on Matlab R2010b (MathWorks, MA, USA). TMS procedures for targeting the bilateral SI and contralateral PPC were similar to those in our previous studies (Ku et al. 2015a (Ku et al. , 2015b The TMS intensity for each individual participant was calculated as 110% of the resting motor threshold (mean: 67% maximum machine output; standard deviation: 6.3%). The motor hand area was localized by TMS that evoked responses of the contralateral abductor pollicis brevis (APB) muscle. The resting motor threshold was determined as the TMS intensity that elicited the APB muscle responses in 5 out of 10 TMS pulses (Meehan et al. 2011) . The motor hand area was then marked for each participant within the Brainsight software. The localization of the SI was verified as a point 2 cm posterior to the motor spot stimulated previously in the same hemisphere (Meehan et al. 2011) . The right PPC (contralateral to tactile stimuli) was localized as the spot 1 cm posterior to and 2 cm lateral from the right SI (Pascual-Leone et al. 2000; Pasalar et al. 2010) .
In order to optimize the effect of TMS over DLPFC, both the orientation of the TMS coil and functional coordinates of DLPFC were considered in the study. We held the TMS coil above the head of participants with a customized coil holder, and then rotated the handle of the coil to a position where the plane of the coil made an angle of 45°relative to the midline, producing a posterior-anterior current flow within underlying cortical areas. DLPFC functional coordinates we used were from a meta-analysis of neuroimaging studies of WM (MNI coordinates: X = ± 40, Y = 34, Z = 29; for further details, see Wager and Smith (2003) ). In the present study, we only recruited the contralateral DLPFC but not the ipsilateral DLPFC as a stimulating site because of technical reasons including the length of the experiment and the total number of stimulating pulses a participant could take. The influence of the ipsilateral DLPFC on bilateral SIs will be of interest in future studies.
MNI coordinates were computed and averaged for each cortical area. In experiment 1 (Fig. 1B) : the mean MNI coordinates of the ipsilateral SI (ipsilateral to the tactile stimuli, i.e., left SI) across participants were X = −29 mm, Y = −33 mm, Z = 54 mm; the mean MNI coordinates of the contralateral SI (contralateral to the tactile stimuli, i.e., right SI) were X = 37 mm, Y = −32 mm, Z = 54 mm; the mean MNI coordinates of the contralateral PPC were X = 43 mm, Y = −39 mm, Z = 55 mm. In experiment 2 ( Fig. 1D ): the mean MNI coordinates of the ipsilateral SI (ipsilateral to the tactile stimuli, i.e., right SI) across participants were X = 36 mm, Y = −35 mm, Z = 56 mm; the mean MNI coordinates of the contralateral SI (contralateral to the tactile stimuli, i.e., left SI) were X = −35 mm, Y = −32 mm, Z = 56 mm; the mean MNI coordinates of the contralateral DLPFC were X = −40 mm, Y = 34 mm, Z = 29 mm. 
Tactile Stimulator
White Noise
To attenuate the influence of noise that accompanied vibrations and TMS, earplugs were used in experiments. In addition, white noise (80 dB) was generated using Adobe Audition 3.0 (Adobe Systems Inc., USA) and delivered during the whole experiment through 2 loudspeakers placed on 2 sides of the CRT, respectively.
Experimental Paradigm
In consideration of the total length of test sessions a participant could take, we divided our study into 2 experiments. In experiment 1, sp-TMS was applied over 3 cortical areas, the contralateral and ipsilateral SIs and the contralateral PPC; in experiment 2, sp-TMS was applied over the contralateral and ipsilateral SIs and the contralateral DLPFC. We thus studied the modulatory influence of PPC or DLPFC respectively on bilateral SIs.
In experiment 1, participants sat on a comfortable chair in front of a 17-in CRT monitor (IBM C220P CRT; resolution ratio = 800 × 600 pixels; monitor refresh interval = 16.66 ms), with a chin support situated 0.87 m away from the monitor. They performed a tactile delayed matching-to-sample task as illustrated in Figure 1A . A trial started with a gray fixation-cross (lasting 1000-00 ms) at the center of the monitor. Participants were instructed to fix his/her attention on the gray cross. When the gray cross turns red, a tactile vibration (stimulus-1 [S-1], 200 ms duration) was applied to their left index finger (Fig. 1A) . Frequencies of the vibration were 30, 40, 60, or 100 Hz, based on the equal sensation contours for vibration (Goff 1967) . When the central cross turned back to gray (the offset of S-1), a delay of 2000 ms started. During the delay, participants were asked to focus his/her attention on the central cross, and to maintain the frequency of S-1 in mind. The delay ended with a red central cross indicating the onset of a second tactile vibration (stimulus-2 [S-2], 200 ms duration). Participants reported whether S-2 matched S-1 or not, by pressing one of the 2 buttons with either the right index finger or the right middle finger as accurately and quickly as possible. The button-assignment (e.g., the right index finger for match, the right middle finger for nonmatch) in experiments was counterbalanced across participants. Both the participants' choice and response time (RT; the duration from the offset of S-2 to the choice) were recorded. scores in accuracy made it clear that task performance significantly declined when sp-TMS was applied over the contralateral SI in the early delay (P < 0.0001 for sp-TMS at 100 ms, FDR corrected; P < 0.05 for sp-TMS at 200 ms, FDR corrected), or when sp-TMS was applied over the ipsilateral SI in the late delay (P < 0.0001 for sp-TMS at 1600 ms, FDR corrected; P < 0.05 for sp-TMS at 1900 ms, FDR corrected). There was no observed effect of sp-TMS either on the contralateral SI in the late delay (P = 0.191 for sp-TMS at 1600 ms, FDR corrected; P = 0.623 for sp-TMS at 1900 ms, FDR corrected), or on the ipsilateral SI in the early delay (P = 0.191 for sp-TMS at 100 ms, FDR corrected; P = 0.103 for sp-TMS at 200 ms, FDR corrected). The difference in accuracy between contralateral and ipsilateral SIs was also shown in Figure 2 with y-axis on the right side of the panel.
PPC Results (Experiment 1)
TMS costs of the contralateral PPC under all conditions were illustrated in Figure 3A . RMANOVA for TMS costs revealed that main effects of LOC (F 2, 28 = 1.305, P = 0.287, η p 2 = 0.085) and STP (F 3, 42 = 0.879, P = 0.460, η p 2 = 0.059) were not significant, but the interaction of LOC×STP (F 6, 84 = 2.329, P = 0.040, η p 2 = 0.143) was significant.
The post hoc t-test showed that the TMS cost of the contralateral SI at 100 ms was larger than that of the ipsilateral SI (P < 0.05, FDR corrected), but the TMS cost of the contralateral PPC at 100 ms was not larger than that of the ipsilateral SI (P = 0.42, FDR corrected). RMANOVA for RT showed no significant effects. Compared with baseline performance, the paired t-test (FDR corrected) revealed that sp-TMS on the contralateral PPC did not show any deteriorative effects at all time points (Fig. 3A) .
PFC Results (Experiment 2)
TMS costs of the contralateral DLPFC under all conditions were illustrated in Figure 3B . RMANOVA for TMS costs revealed that the main effect of LOC (F 2, 22 = 0.438, P = 0.651, η p 2 = 0.038) was not significant, but the main effect of STP (F 5, 55 = 4.912, P = 0.001, η p 2 = 0.309) and the interaction of LOC × STP (F 10, 110 = 3.937, P < 0.001, η p 2 = 0.264) were significant. The post hoc t-test
showed that the TMS cost of the contralateral SI was significantly larger than that of the ipsilateral SI at 100 ms (P < 0.05, FDR corrected) and 300 ms (P < 0.001, FDR corrected). Reversely, the TMS cost of the ipsilateral SI was significantly larger than that of the contralateral SI at 1600 ms (P < 0.05, FDR corrected) and 1900 ms (P < 0.05, FDR corrected). The TMS cost of the contralateral DLPFC at 1600 ms was significantly larger than that of the contralateral SI as well (P < 0.05, FDR corrected). Compared with baseline performance, stimulation of the contralateral DLPFC decreased the accuracy at both 100 ms and 1600 ms (both P < 0.01, FDR corrected).
A positive correlation of TMS cost between the ipsilateral SI and contralateral DLPFC at 1600 ms (P = 0.028, r = 0.63) was observed (Fig. 4A ), while this relationship was not found between the contralateral SI and contralateral DLPFC at 1600 ms (P = 0.108, r = 0.487) (Fig. 4B) . TMS costs of the contralateral SI and contralateral DLPFC at 100 ms were not significantly correlated (P = 0.787, r = −0.087) either.
RMANOVA for RT revealed a significant STP main effect (F 5, 55 = 2.76, P < 0.05, η p 2 = 0.20).
Analysis for the Effect of Different Vibration Frequencies
As 4 different vibration frequencies were used in the study, a further behavioral analysis was used to examine potential effects induced by these frequencies on the accuracy of task performance. Table 1 displays the accuracy under different vibration frequencies before and after TMS on cortical areas. One-way ANOVA was conducted on the accuracy scores (frequency as a 
Discussion
The purpose of the present work is to study the temporal dynamics of task-induced cortical activity during tactile WM, and thus examine the dynamic role that certain cortical areas (DLPFC, PPC, and bilateral SIs) play in different phases of WM. We have observed deteriorating effects on task performance induced by sp-TMS over the ipsilateral SI and the contralateral DLPFC in the late phase of the delay period (WM) of the task, and furthermore, such effects are temporally correlated between these 2 areas. The results indicate that there may exist communications between the 2 areas in information processing in the late delay period and neural activity in these 2 areas plays a causal role in task performance. We have also observed deteriorating effects when sp-TMS are applied over the contralateral DLPFC or the contralateral SI in the initial phase of the delay period in the task. Our findings accord well with previous studies on when and how vibrotactile information is encoded, stored in the brain when participants are performing a vibrotactile WM task (Preuschhof et al. 2006; Azañón and Haggard 2009; Kaas et al. 2013; Wang et al. 2013 ). To our knowledge, the current study is the first to establish a causal link between activity in the ipsilateral SI and behavioral performance of a tactile WM task.
The Ipsilateral SI in Tactile WM
Previous research has pointed out that the contralateral SI is involved in encoding vibrotactile information (Cohen et al. 1991 ; Andre-Obadia et al. 1999; Hannula et al. 2005) and retaining this information during the early delay period of tactile WM tasks (Zhou and Fuster 1996; Harris et al. 2002) . Our present data specify that the maintenance of tactile memory traces may additionally recruit the ipsilateral SI at the late stage of tactile WM, complementing findings by Harris and colleagues (Harris et al. 2002) . There is plentiful evidence showing that SI integrates touch information from both sides of the body (van der Knaap and van der Ham 2011; Tamè et al. 2012; Tamè et al. 2016) , indicating that representations of the body in SI are not just confined to the contralateral side. Furthermore, a recent MEG study by Hegner et al. (2007) has found the involvement of ipsilateral somatosensory cortices in maintaining tactile information during WM. In their study, an increasing beta event-related desynchronization (ERD) has been observed over the ipsilateral somatosensory area (the plausible location, SII) in the late phase (but not in the early phase) of the retention period, and interestingly, WM performance is only correlated with activity in the ipsilateral somatosensory area. It seems that the ipsilateral somatosensory area does not process tactile information until the late stage of the delay. The stimulusselective delay activity has also been found in ipsilateral cortices in other sensory domains (Ester et al. 2009; Pratte and Tong 2014) . One of those studies, using multivoxel pattern analysis, suggests that orientation-specific representations maintained in WM are decoded from delay activity in both contralateral and ipsilateral primary visual cortices (VIs), though the fMRI signals are not able to tell in which stage of WM the representations are decoded (Ester et al. 2009 ). Based on the data in the present study, it seems reasonable to assume that the ipsilateral SI maintains task-related tactile information at the late maintenance stage. However, it remains unclear what this tactile information reflects. Apparently, the information was not just a redundant replica of information retained in other brain areas, as disruption of activity in the ipsilateral SI by sp-TMS significantly dropped participants' behavioral performance. Moreover, the deteriorating effects of sp-TMS upon the ipsilateral SI and contralateral DLPFC occurred at the same time point (1600 ms) and showed correlations between the 2 areas, suggesting that the ipsilateral SI and contralateral DLPFC may communicate with each other at the late stage in tactile WM through the corpus callosum (SI-SI transcallosal projections) (Hofer and Frahm 2006) , and neural activity in both areas is crucial to task execution. The contralateral DLPFC most likely plays an essential role in modulation of activity in the ipsilateral SI. The notion that the DLPFC modulates activity in the ipsilateral SI has been supported by studies indicating that bilaterally organized high-level brain areas (e.g., DLPFC, PPC, and SII) play an essential role in top-down modulation on ipsilateral SI (Harris et al. 2001 (Harris et al. , 2002 Preuschhof et al. 2006) , and the top-down control of sensory cortices from the DLPFC may occur at different stages of WM (see review in Gazzaley and Nobre 2012) . The task used in our study involved memorization of the frequency of 2 subsequent vibrations (sample and target) separated by a 2 s delay, and judgment on whether or not these 2 vibrations had the same frequency. As suggested in a recent review (Christophel et al. 2017) , the incoming target vibration activates the sensory cortex in a similar way as the sample vibration does, and in order to avoid interference between the traces of those 2 vibrations, which could happen if they were maintained in the same low-level sensory area (the contralateral SI in the present study), the representation of the sample stimulus should be maintained in other high-level cortices, such as the DLPFC, as a template for the direct comparison to the target vibration in the late stage of the task. Our study extends those findings by showing that as the end of the delay period approaches, the participant's ipsilateral SI starts playing an important role in the task. The representation of the sample stimulus may be maintained in the ipsilateral SI during the late delay as a template for the direct comparison to the target vibration in the choice period of the task. Storage of this template in the ipsilateral SI may have the advantage of avoiding interference from the target stimulus as the representation of the target is encoded in the contralateral SI. Together, our results are in agreement with the "sensory recruitment model" of WM, which postulates that sensory cortices involved in encoding stimulus features are also actively involved in retaining WM traces (Harrison and Tong 2009 ).
Modulation of DLPFC on Bilateral SIs
Previous studies have shown that the application of sp-TMS over the DLPFC at early encoding stage disturbed the task performance and resulted in reduced attention-based modulation of somatosensory event-related potentials in tactile WM tasks (Bolton and Staines 2011; Gogulski et al. 2013 ). In our study, the accuracy of behavioral performance decreased significantly when sp-TMS was applied over the contralateral DLPFC or the contralateral SI at 100 ms. One possibility is that the top-down modulation from the DLPFC may facilitate WM through amplifying the early sensory processes (Zanto et al. 2011) . Alternatively, activity in the DLPFC at the early encoding stage may be holding up the task sequence or high-level task sets, such as task rules, which has been shown in previous WM studies (Pochon et al. 2001; Dick and Katsuyuki 2004; Tanji et al. 2007) .
A neurophysiological study has revealed that while a monkey performs a tactile delayed-match-to sample task, there exist 2 subtypes of neurons in the DLPFC, which show neural activity in the early delay or in the late delay, respectively (Wang et al. 2015) . The early activity is sensory modalitydependent, and likely encodes and maintains information about physical features of the sample stimulus. The late activity is sensory modality-independent, and likely represents the neural process underlying retrieval of modality-independent specific sample information for a later task choice. Clearly, neural activity in the early delay and in the late delay represents 2 different neural processes in WM, and in these 2 processes, different cortical areas (neural networks) may be recruited. Our present results corroborate the findings of the monkey study by showing the involvement of the ipsilateral SI in the late phase of the delay. To our knowledge, the recruitment of the ipsilateral SI in late delay has not been reported by other TMS studies.
Sequential Neural Processes in Tactile WM
In the present study, stimulation of the contralateral PPC showed no significant degradation of task performance at either 1600 or 1900 ms (Fig. 3A) , while stimulation of the contralateral DLPFC disrupted the performance at 1600 ms but not at 1900 ms (Fig. 3B) . These results indicate that tactile related information is processed in the contralateral DLPFC, instead of in the contralateral PPC, at late maintenance stages (around 1600 ms) during tactile WM. However, these findings did not contradict accumulating evidence showing that the PPC played a crucial role in WM Marois 2004, 2005; Preuschhof et al. 2006; Xu and Chun 2006; Savini et al. 2012; Tseng et al. 2012; Kaas et al. 2013; Hsu et al. 2014; Juan et al. 2017) . As revealed by our previous study using a task identical in all aspects to the one used in the present study except for a shorter delay (1 s), both the contralateral SI and PPC were involved in tactile WM (Ku et al. 2015b) , exhibiting that the tactile memory trace was supported by ongoing activity in PPC during the delay period between 300 and 900 ms. . Therefore, we postulate that tactile WM as a process that temporally links the sample vibrotactile information to goal-directed behavior via neural networks in brain regions at multiple hierarchical levels, ranging from low-level cortices (bilateral SIs) to high-level cortices (DLPFC). Taken together, the contralateral DLPFC may bridge the contralateral SI and ipsilateral SI through several sequential steps: exerting a top-down control of the sensory encoding in the contralateral SI in the early delay, integrating the sensory information throughout the delay, and transferring this integrated information as a template to the ipsilateral SI in the late delay for behavioral action required by the task (Fig. 5 ).
Yet our study could not establish the direct interplay between the contralateral DLPFC and the bilateral SI in tactile WM. Additional research is required to characterize the topdown modulation by disrupting the contralateral DLPFC while recording activity over the bilateral SI measured by neuroimaging techniques (e.g., fMRI or EEG).
Conclusions
Our results add to a growing body of evidence that the ipsilateral SI also constitutes essential components of the vibrotactile WM network, in which the contralateral DLPFC bridges the contralateral SI and the ipsilateral SI to guide a goal-directed response. As such, they further support a widely distributed WM network proposal (Zhou et al. 2007; Fuster and Bressler 2012; Christophel et al. 2017) . 
